To estimate the association of maternal plasma concentrations of tryptophan and six kynurenine pathway metabolites with the risk of preeclampsia. 
T ryptophan is an essential amino acid that occurs naturally in foods. It is important for the biosynthesis of proteins and is a precursor of serotonin, a neurotransmitter in the central nervous system. 1 The major catabolic route of tryptophan in mammals is the kynurenine pathway leading to the formation of several indole derivatives, collectively called "kynurenines." 2 This pathway has been implicated in various pathologic conditions associated with altered immune response. [3] [4] [5] The first step in the oxidation of tryptophan to kynurenine ( Fig. 1) is catalyzed by the hepatic enzyme tryptophan 2,3-dioxygenase or the ubiquitous indoleamine 2,3-dioxygenase.
1,2 Kynurenine may be further degraded by vitamins B2-dependent and B6-dependent enzymes to kynurenic acid, anthranilic acid, 3-hydroxykynurenine, xanthurenic acid, and 3-hydroxyanthranilic acid. 2, 6 During inflammation, however, indoleamine 2,3-dioxygenase is induced by several inflammatory mediators, including interferon-␥. 5, 7 This may result in decreased blood concentrations of tryptophan and increased blood concentrations of kynurenine. 5, 7 kynurenines in preeclampsia are scarce. This pregnancy complication has, in retrospective studies, been associated with decreased maternal plasma kynurenine-to-tryptophan ratio 9 and with increased urinary excretion of xanthurenic acid after oral tryptophan loading. 10 More recently, a genome-wide transcriptional profiling study of decidua basalis tissue showed that the tryptophan metabolism was the most significant canonical pathway in preeclampsia. 11 In the present study, we estimated associations of tryptophan and six kynurenine pathway metabolites with the subsequent risk of preeclampsia using data from a large pregnancy cohort in Norway. The blood samples were collected at approximately gestational week 18, long before preeclampsia was clinically recognized.
MATERIALS AND METHODS
The study drew on resources from the Norwegian Mother and Child Cohort Study, a long-term prospective study of Norwegian pregnant women and their infants. The cohort includes more than 100,000 pregnancies during the period 1999 -2008 and is linked to the Medical Birth Registry of Norway to obtain registered pregnancy outcomes. 12 Women were invited to participate through a postal invitation before a routine ultrasound examination at their local hospital, usually at approximately 18 weeks of gestation (response rate 43.5%). Informed consent was obtained from each participant before the study, and the study has been approved by the Regional Committee for Medical Research Ethics and by the Norwegian Data Inspectorate.
The present study comprised a quasi-random sample of 3,000 women included in the Norwegian Mother and Child Cohort Study and who delivered between July 2002 and December 2003. 13 The subcohort was initially established to examine relations between one-carbon metabolism and pregnancy outcomes, 13, 14 and the decision on sample size was made to achieve sufficient statistical power for analyzing low prevalent outcomes. The limited period of sampling was chosen because of logistics related to sample processing. During the selected period, there were initially 17,588 women with registered births. Of these, 14,838 women (84%) had donated a blood sample and had returned a baseline questionnaire at approximately gestational week 18. By April 2008, 6,723 blood samples had been processed and were ready for retrieval from the Norwegian Mother and Child Cohort Study biobank. 13 We selected a simple random sample of 3,000 among women with the available blood samples. Of the 3,000 available samples, eight women had no information on preeclampsia and three pregnancies were terminated after prenatal diagnosis. We further excluded 53 twin pregnancies, leaving 2,936 singleton pregnancies for analyses.
The diagnostic criteria of preeclampsia in Norway are defined as maternal blood pressure higher than 140/90 mm Hg after gestational week 20 combined with proteinuria with more than one dipstick on at least two occasions. 15 The diagnosis is routinely recorded in the Medical Birth Registry of Norway by the attending midwife or obstetrician after birth using a standardized notification form. 16 The birth registry also comprises information on "early" preeclampsia diagnosed before 34 weeks of gestation, eclampsia, and hemolysis, elevated liver enzymes, and low platelet count (HELLP). In this study, we defined preeclampsia to include all these diagnoses.
The main exposures in the present study were plasma tryptophan, kynurenine, kynurenic acid, anthranilic acid, 3-hydroxykynurenine, xanthurenic acid, and 3-hydroxyanthranilic acid. However, because vitamins B2 and B6 are important coenzymes involved in the formation of kynurenic acid, anthranilic acid, xanthurenic acid, and 3-hydroxyanthranilic acid, 6, 17, 18 we also included plasma concentrations of these B-vitamins in the analyses. Furthermore, we included plasma neopterin, another marker of immune activation mediated by interferon-␥. 19 Finally, plasma creatinine was included as a marker of renal function 20 to address the question of whether accumulation of kynurenines was related to impaired renal function. Notably, degradation and accumulation kinetics of tryptophan and six kynurenine pathway metabolites in serum and plasma were recently examined. 21 Kynurenine, kynurenic acid, and xanthurenic acid were essentially stable, whereas 3-hydroxykynurenine and 3-hydroxyanthranilic acid decreased and anthranilic acid increased on prolonged storage.
All plasma indices used in this study were analyzed in the laboratory of Bevital AS (www.bevital.no) using nonfasting maternal blood samples. The blood samples were collected into ethylenediaminetetraacetic acid tubes, centrifuged within 30 minutes, and placed in the hospital refrigerator (4°C). 22 They were shipped by mail overnight to the biobank of the Norwegian Mother and Child Cohort Study. On the day of receipt, usually 1-2 days after blood donation, ethylenediaminetetraacetic acid plasma were aliquoted onto polypropylene microtiter plates (300 microliters per well, 96-well format), sealed with heat-sealing foil sheets, and stored at Ϫ80°C. Plasma concentrations of tryptophan and kynurenine were analyzed using a gas chromatography-tandem mass spectrometry method, 23 whereas kynurenic acid, anthranilic acid, 3-hydroxykynurenine, xanthurenic acid, 3-hydroxyanthranilic acid, vitamins B2 (riboflavin) and B6 (pyridoxal 5Ј-phosphate), neopterin, and cotinine were analyzed by liquid chromatography-tandem mass spectrometry. 24 Creatinine was analyzed by including it and its deuterated internal standard (d3-creatinine) in an established liquid chromatography-tandem mass spectrometry method 25 using the ion pairs 114/ 44.2 and 117/47.2, respectively.
Covariates for the present analyses were obtained from both the Medical Birth Registry of Norway (collected at the time of hospitalization at approximately the time of birth) and the Norwegian Mother and Child Cohort Study baseline questionnaire (collected at median gestational week 18). From the birth registry, we obtained data on maternal age at delivery (years), marital status (single or other, cohabitation, married), parity (0, 1, and 2 or more previous deliveries), chronic hypertension (no or yes), prepregnancy diabetes (no or yes), gestational diabetes (no or yes), and gestational age (completed weeks) based on second-trimester ultrasound measurements. From the baseline cohort questionnaire, we obtained data on maternal education (0 -9, 10 -12, and 13 or more years), prepregnancy body mass index (BMI, calculated as weight (kg)/[height (m)] 2 ), and gestational BMI at approximately week 18 of gestation. A woman was classified as an active smoker if her plasma cotinine concentration was 30 nmol/L or more. Information was missing for 19 individuals regarding marital status, for 11 individuals regarding maternal education, for 114 individuals regarding prepregnancy BMI, and for 3 individuals regarding plasma cotinine.
Statistical analyses were performed by using SAS 9.2 and R 2.13.1 software for Windows. Data were described as percentages or means together with a variability measure such as standard error or confidence interval (CI). The 2 test was used to test for difference in frequencies, whereas the two-sample t test was used to assess difference in means. Spearman correlation coefficient (r) was used to estimate associations between pairs of continuous data.
To explore potential nonlinear associations between preeclampsia and the plasma indices, we used generalized additive logistic regression models (mgcv package in R) 26 with 3 degrees of freedom. Initially, this regression algorithm uses an underlying (thinplate) spline basis with a 3ϩ1ϭ4 basis function to estimate 4 regression coefficients for the smooth spline term. However, to ensure identifiability, there is a sum-zero constraint of functions, which reduces the effective number of degrees of freedom to 3. All plasma indices were analyzed on the logarithmic scale, and for each plasma index we excluded outliers defined as concentrations less than the first percentile and more than the 99th percentile of the distribution. Statistical significance of effects was determined by likelihood ratio tests. If analyzes were statistically significant, then we examined the relation with preeclampsia according to plasma percentile categories. In these analyses, all data (ie, no exclusions of outliers) were included in an ordinary logistic regression model.
We estimated both unadjusted and adjusted odds ratios (ORs) with 95% CIs. Adjustment variables were maternal age, parity, prepregnancy BMI, active smoking, chronic hypertension, prepregnancy diabetes, and gestational week at blood sampling. Maternal age, prepregnancy BMI, and gestational week at blood sampling were included as continuous linear terms. Potential effect modifications by prepregnancy BMI (less than 25, 25 or more) and parity (primiparous and multiparous women) were examined by including the product term of the plasma index and each of the categorical variables using likelihood ratio test. Potential confounding factors and relevant effect modification variables were chosen on the basis of their previous reported roles in preeclampsia. 27 To handle missing values in multiple regression models, we used the method of list-wise deletion.
All P values were two-sided, and PϽ.05 was considered statistically significant, except for results presented in Table 1 and Figure 2 , in which Bonferroni correction for 12 plasma indices was performed because of multiple testing (ie, a significance level of .004 was used).
RESULTS
Preeclampsia (including three cases of HELLP and one case of eclampsia) occurred in 4.0% (95% CI 3.2-4.7) of pregnancies ( Table 2 ). The meanϮ standard error gestational age at blood sampling was 18.2Ϯ0.16 weeks (range 12-21 weeks) for women with preeclampsia and 18.5Ϯ0.04 weeks (range 10 -36 weeks) for women without preeclampsia (Pϭ.16). Median sampling time was 18 weeks of gestation for both groups. Among those without preeclampsia, only 25 women had donated blood samples in the third trimester (ie, more than 24 weeks of gestation).
Preeclampsia was significantly more common among younger women, mothers who delivered for the first time, those with higher prepregnancy BMI, and mothers with chronic hypertension ( Women who had development of preeclampsia had higher mean plasma kynurenic acid concentrations at gestational week 18 than mothers who did not have development of this complication ( Data are meanϮstandard error unless otherwise specified. * P value for difference in means was obtained by using a twosample t test. † The kynurenine-to-tryptophan ratio was multiplied by 1,000. Associations between plasma kynurenic acid concentrations and preeclampsia. Odds ratios (ORs) were estimated by using generalized additive logistic models. Unadjusted OR with 95% confidence intervals (CIs) are shown as a solid black line with gray shaded area. Adjusted OR is shown as a solid blue line, and adjusted OR after exclusions of women who smoke, diabetic women, and women with chronic hypertension is shown as a solid red line (CIs not shown). The OR scale is centered and set to 1 on the average estimated population risk (4.0%) in the unadjusted model. The distribution of log plasma kynurenic acid is shown on the X axis. The vertical white lines intersecting the CI represent the 5th, 25th, 75th, and 95th percentiles of plasma kynurenic acid.
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nmol/L; Pϭ.04). No statistically significant differences in means for other plasma indices were observed (Table 1) .
Using generalized additive models, we discovered a distinct nonlinear association between log plasma kynurenic acid and preeclampsia ( Fig. 2; PϽ.001). This relation was essentially unchanged after adjustment for potential confounders, as well as after exclusions of women who were smokers, diabetic women, and mothers who had chronic hypertension (Fig. 2) . No statistically significant associations of preeclampsia with other metabolites were found (not shown).
We also estimated the overall prevalence of preeclampsia according to percentile categories of plasma kynurenic acid (Table 3 ). The prevalenceϮ standard error of preeclampsia within the upper 95th percentile category of plasma kynurenic acid was 11.0%Ϯ2.59% compared with 3.3%Ϯ0.46% within the 25th-75th percentile category (PϽ.001). Furthermore, women who had plasma kynurenic acid concentrations more than the 95th percentile had an adjusted OR of 3.6 (95% CI 1.9 -6.8) for preeclampsia, compared with those who had concentrations in the 25th-75th percentile. This association was slightly stronger after additional adjustment for plasma creatinine (OR 4.1, 95% CI 2.1-8.0), whereas additional adjustment for plasma B6 and B2, gestational diabetes, or gestational BMI (reported at approximately week 18 of gestation) did not change risk estimates (not shown).
Unadjusted logistic regression analyzes of kynurenic acid percentiles further showed that there was a statistically significant effect modification of the plasma kynurenic acid and preeclampsia association by prepregnancy BMI (P for interactionϭ.03), with associations substantially stronger among individuals with BMI 25 or more (Fig. 3) . In that group, the OR for preeclampsia was 5.8 (95% CI 2.6 -13.0) for kynurenic acid more than the 95th percentile and 3.0 (95% CI 1.6 -5.7) for kynurenic acid between the 75th and 95th percentile, relative to those who had concentrations in the 25th-75th percentile. The corresponding prevalence of preeclampsia within the upper 95th percentile and the 75th-95th percentile categories of plasma kynurenic acid were 20.4%Ϯ 5.53% and 11.8%Ϯ2.36% compared with 4.2%Ϯ0.95% within the reference group (both PϽ.001). The strength of the relation between plasma kynurenic acid and prepregnancy BMI within each of the two BMI groups (less than 25, 25 or more) was weak and not statistically significant (rϭ0.04 and rϭ0.05, respectively).
When examining the relation between plasma kynurenic acid percentiles and preeclampsia according to strata of parity (primiparous and multiparous), some deviations in ORs were observed in the upper tail of plasma kynurenic acid (excess risk for multiparous women), although 95% CIs largely overlapped (P for interactionϭ.47).
DISCUSSION
This study investigated the association of maternal plasma concentrations of tryptophan and six kynure- nine pathway metabolites with the risk of preeclampsia among 2,936 singleton pregnancies. We found that women who had development of preeclampsia had higher plasma kynurenic acid concentrations at gestational week 18 than mothers who did not have development of this complication. Regression analyzes further showed a distinct positive nonlinear relation between kynurenic acid and preeclampsia. Whereas kynurenic acid was an overall strong risk factor, subgroup analyses revealed that the association was particularly pronounced among individuals with elevated prepregnancy BMI.
Strengths of this study include the large sample size, the standardized collection and laboratory analyses of blood samples, and the information on additional plasma indices, like vitamins B2 and B6, neopterin, creatinine, and cotinine. We do not suspect that selection bias has affected our results. Although the attendance rate in Norwegian Mother and Child Cohort Study was 43.5%, a recent validation study of eight selected exposure-outcome associations showed that initial self-selection in Norwegian Mother and Child Cohort Study did not introduce such bias. 28 A weakness of this study is that blood samples were nonfasting. This may have added preanalytic variability, thereby introducing nondifferential information bias to results. Furthermore, we have not validated preeclampsia against hospital medical records. Therefore, we do not know whether the report of preeclampsia was subject to some misclassification. However, we do not suspect that such misclassification differed by plasma concentrations. Finally, the present subcohort included biomarkers related to one-carbon metabolism and the kynurenine pathway, but with the primary aim of studying the relations between one-carbon metabolism and pregnancy outcomes. 13, 14 As such, the associations presented in this study could be spurious and the need for an independent validation therefore is warranted.
Our analyses were adjusted for a number of important covariates, including plasma vitamin B6 and B2, prepregnancy BMI, and smoking. The adjust- Numbers above bars refer to the number of individuals with preeclampsia. Unadjusted ordinary logistic regression model showed a statistically significant effect modification by prepregnancy BMI (P for interactionϭ.03). Information on prepregnancy BMI was missing for 114 participants, and information on plasma kynurenic acid was missing for three participants. .004
SE, standard error; CI, confidence interval. * Information on plasma kynurenic acid was missing for three women. † Odds ratios were estimated by using ordinary logistic regression models. ‡ Adjusted for maternal age, parity, prepregnancy body mass index, active smoking, chronic hypertension, prepregnancy diabetes, and gestational week at blood sampling. § Reference category. P for trend was obtained by including the categorical variable as a continuous term in ordinary logistic regression models. ment procedures, however, had no effect on the statistical results, suggesting little confounding. Results regarding kynurenic acid also remained unchanged after exclusions of women with chronic hypertension and prepregnancy diabetes, risk factors that are strongly associated with preeclampsia. 27 Because serum concentrations of kynurenines, including kynurenic acid, increase with severity of chronic kidney disease, 29 we also adjusted for plasma creatinine. We found no supportive evidence that creatinine was important for the plasma kynurenic acidpreeclampsia association.
Enhanced tryptophan catabolism along the kynurenine pathway caused by interferon-␥-mediated activation of indoleamine 2,3-dioxygenase is observed during inflammation, and an increased plasma kynurenine-to-tryptophan ratio is often seen in cancer and autoimmune diseases as well as in normal pregnancy. 5, 7, 19, 30 The pathway per se, however, mediates immunosurveillance. Indoleamine 2,3-dioxygenase is normally highly expressed within placental tissues and confers maternal tolerance to fetal tissues. 31, 32 In a previous retrospective case-control study, 9 maternal kynurenine-to-tryptophan ratio was decreased instead of increased in preeclamptic women, and also the activity of indoleamine 2,3-dioxygenase in placentas was found to be lower compared with that of normal pregnancy, suggesting impaired immunologic tolerance. A recent genomewide transcriptional profiling study of decidua basalis tissue, however, found no preeclampsia-associated changes in indoleamine 2,3-dioxygenase expression, but it reported significant changes in several genes encoding for other enzymes involved in the kynurenine pathway. 11 Further, in our study, there was no statistically significant association of maternal plasma concentrations of tryptophan, kynurenine, kynurenine-to-tryptophan ratio, or neopterin with the risk of preeclampsia. The inconsistent findings between studies could be attributable to the timing of blood sampling. Although ours were drawn long before preeclampsia was clinically recognized, the previous case-control study was performed in women who were overtly preeclamptic.
Animal studies have revealed diverse metabolic effects of kynurenic acid, which may link kynurenic acid to preeclampsia. Notably, kynurenic acid is a glutamate receptor antagonist that can block the release of insulin from pancreatic ␤-cells, 2 it reduces the lumbar sympathetic nerve activity and arterial blood pressure in hyperinsulinemic rats, 33 and kynurenic acid is a potent inhibitor of the synthesis of fatty acids. 34, 35 These effects of kynurenic acid are essentially in the opposite direction of the symptoms observed in patients with preeclampsia, which is characterized by increased insulin resistance and hyperlipidemia, 36 high arterial blood pressure, and increased sympathetic nerve activity. 37 Thus, one may speculate if increased kynurenic acid is a compensatory mechanism that counteracts key pathogenic features in preeclampsia, including components of the metabolic syndrome. Such mechanisms possibly could involve reduced enzyme activity of kynurenine 3-monooxygenase, 38, 39 thereby shunting the metabolism of kynurenine to the end-stage metabolite kynurenic acid. 39 In addition, the high risk estimates of preeclampsia may partly reflect the unique stability of kynurenic acid in blood samples, 21 reducing potential for measurement errors.
Several studies have shown that the prevalence of preeclampsia is at least twice as high during first pregnancies as during second or later pregnancies. 27 This also was observed in the present study (Table 2) and has previously been hypothesized to be attributable to increased maternal immunologic tolerance to the fetus mediated through earlier pregnancies. 40 Our study, however, found no evidence of an interaction between plasma kynurenic acid and parity. Thus, the strong association of kynurenic acid with preeclampsia does not seem to be linked to increased maternal immunologic tolerance in subsequent pregnancies.
In a large cohort, we examined the association of tryptophan and six kynurenine pathway metabolites with the risk of preeclampsia. Our study suggests that elevated plasma concentrations of the tryptophan catabolite kynurenic acid in early pregnancy are strongly associated with increased risk of preeclampsia in women with increased prepregnancy BMI. Potential pathogenic roles of kynurenic acid in preeclampsia, as well as in other obesity-associated diseases, should be further explored.
